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During the last larval molt in Manduca sexta, a number of transcription factors are sequentially expressed. Unlike E75A and
MHR3, whose mRNAs are induced when the ecdysteroid titer increases, the expression of MHR4 mRNA occurs transiently
at the onset of the decline of ecdysteroid titer followed by bFTZ-F1 mRNA expression when the ecdysteroid titer becomes
low. When day 2 fourth epidermis was exposed to 20-hydroxyecdysone (20E) in vitro, MHR4 mRNA appeared between 12
and 21 h, peaked at 24 h, and then declined. Using the protein synthesis inhibitors cycloheximide and anisomycin both in
vivo and in vitro, we found that the MHR4 transcript was directly induced by 20E and required the presence of 20E for its
expression. The accumulation of MHR4 mRNA, however, did not occur until a 20E-induced inhibitory protein(s)
disappeared. This control of MHR4 expression is unique among the ecdysone-induced transcription factors. When the
epidermis was cultured with 20E, bFTZ-F1 mRNA was not induced until after the removal of 20E as previously found for
Drosophila and the silkworm Bombyx mori. The presence of juvenile hormone had no effect on accumulation of either
transcript. © 2001 Academic Press
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wINTRODUCTION
Molting and metamorphosis are among the most dra-
matic events in the animal kingdom, and in insects they are
under the control of primarily two hormones, ecdysone2
and juvenile hormone (JH). When both ecdysone and JH are
present, larval molting occurs. At the end of the final
feeding stage in the tobacco hornworm, Manduca sexta, a
small peak of ecdysone appears causing larval–pupal com-
mitment of the epidermis in the absence of JH (reviewed in
Riddiford, 1995). Pupal development and pupal cuticle
synthesis are not, however, induced until a large surge of
ecdysone 2 days later.
Accumulation of knowledge of the molecular mecha-
nisms of ecdysone action over the past decade shows that
1 To whom correspondence should be addressed. Fax: (206) 543-
3041. E-mail: hiruma@u.washington.edu.
2 We will use “ecdysone” as a generic term for the natural
ormones that cause molting and metamorphosis in insects and
a-ecdysone (E) and 20-hydroxyecdysone (20E) to refer to the specific
chemical compounds used (see Riddiford et al., 2001). Ecdysteroids
will be used to refer to the mixture of E, 20E, and their metabolitesPin the hemolymph during the molt.
0012-1606/01 $35.00
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All rights of reproduction in any form reserved.when 20-hydroxyecdysone (20E; the primary active hor-
mone) binds to the ecdysone receptor (EcR)/ultraspiracle
(USP) complex, the transcriptional cascade leading to molt-
ing and metamorphosis is initiated (Cherbas and Cherbas,
1996; Riddiford et al., 2001). Many of the transcription
factors activated are members of the nuclear receptor su-
perfamily (Mangelsdorf et al., 1995), and roles for some of
these factors have been recently studied in Drosophila
melanogaster (see reviews by Thummel, 1996, 1997; Rich-
ards, 1997; Henrich et al., 1999). For example, during
Drosophila pupariation, both DHR3 and E75B mRNAs
increase in response to the high ecdysteroid titer (Andres et
al., 1993; Huet et al., 1995); then DHR3 activates bFTZ-F1
hen the ecdysteroid titer declines (Kageyama et al., 1997;
White et al., 1997; Lam et al., 1997). Since E75B is thought
to prevent bFTZ-F1 expression through heterodimerization
ith DHR3 (White et al., 1997), the appearance of bFTZ-F1
mRNA occurs only after the degradation of E75B. bFTZ-F1
functions as a competence factor for stage-specific re-
sponses, so that some of the transcription factors such as
E75A, E74, and E93 are subsequently able to respond to the
small prepupal pulse of ecdysteroid (Broadus et al., 1999).recocious expression of bFTZ-F1 caused the early appear-
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266 Hiruma and Riddifordance of E93 mRNA leading to the degeneration of the
salivary glands (Woodard et al., 1994; Baehrecke and Thum-
mel, 1995). In addition, bFTZ-F1 is essential for the activa-
ion of one of the pupal cuticle genes, EDG84A (Murata et
l., 1996), and for normal cuticle deposition at every molt
Yamada et al., 2000).
In Manduca epidermis, a number of transcription factors
ppear and disappear during the last larval molt (Riddiford
t al., 1999). When the ecdysteroid titer increases, E75A
RNA first transiently appears; then when it declines at
he time of the high ecdysteroid titer, E75B mRNA appears
Zhou et al., 1998). MHR3 (the homolog of DHR3) appears
ith the high ecdysteroid titer (Palli et al., 1992; Langelan
t al., 2000). When the ecdysteroid titer declines, MHR3
eclines and Manduca MHR4 mRNA transiently increases.
HR4 is a transcription factor that belongs to the nuclear
eceptor superfamily (Weller et al., 2001) and is a homolog
f germ cell nuclear factor (GCNF)-related factors (GRFs) of
ombyx mori (Charles et al., 1999) and Tenebrio molitor
Mouillet et al., 1999) and is similar to a sequence found in
he Drosophila genome (Adams et al., 2000). bFTZ-F1
RNA appears as MHR4 mRNA declines (Weller et al.,
001), closely followed by dopa decarboxylase (DDC)
RNA shortly before ecdysis (Hiruma and Riddiford, 1990).
Here we show that MHR4 mRNA expression is directly
nduced by 20E, but the mRNA does not accumulate until
n inhibitory protein(s) disappears during continuous expo-
ure to 20E. This inhibitory protein is apparently induced
y 20E, leading to a unique expression pattern for MHR4
RNA. Induction of bFTZ-F1 mRNA requires an exposure
o 20E and its subsequent removal.
MATERIALS AND METHODS
Animals and Epidermal Culture
Larvae of the tobacco hornworm, Manduca sexta, were reared on
an artificial diet (Bell and Joachim, 1976) at 25.5°C under short day
conditions (12L:12D). Lights-off were designated as 00:00 Arbitrary
Zeitgeber Time (AZT) (Pittendrigh, 1965). For most experiments,
Gate II fourth instar larvae were selected as they synchronously
release prothoracicotropic hormone (PTTH) to initiate the molt
about the time of lights-off at the end of day 2 of the fourth instar
(Truman, 1972). All the larvae were staged individually based on
morphological markers. Head capsule slippage (HCS), the down-
ward movement of the head capsule to allow the formation of a
larger head, during the fourth to fifth larval molt occurs 29 h before
ecdysis (Curtis et al., 1984). Allatectomy (removal of corpora allata,
the source of JH) was performed on Gate II day 3 fourth instar larvae
5–6 h before HCS as previously described (Hiruma, 1980). Ligation
of the abdomen (behind the thorax) was performed with a cotton
thread, and the anterior portion was removed.
The dorsal integument of Gate II, day 2 fourth instar larvae
(14:00 AZT; 3.5 3 7.0 mm) was cultured on the surface of 0.5 ml
Grace’s medium (GIBCO) per culture well (Linbro Disposotrays,
Flow Laboratories) at 25.5°C in a 95% O2–5% CO2 atmosphere
Hiruma and Riddiford, 1984).
20-Hydroxyecdysone and 20,26-dihydroxyecdysone (20,26E)
ere gifts of Dr. Takeshi Matsumoto (Daicel Chemical Industries, R
Copyright © 2001 by Academic Press. All rightokyo) and Dr. Rene´ Lafont (Ecole Normale Superieure, Paris),
espectively. The concentrations were determined spectrophoto-
etrically (Lafont and Wilson, 1992). To inhibit protein synthesis,
ycloheximide (CHX) (Sigma, 50 mg/10 ml in water) was used for
injections into larvae, and anisomycin (AMC) (Sigma) at 10 mg/ml
in Grace’s medium was used for the epidermal culture experi-
ments. These levels prevent .85 and .99% of total protein
synthesis, respectively (Hiruma and Riddiford, 1990; Hiruma et al.,
1995). Both solutions were prepared shortly before each experi-
ment. When the epidermis was transferred to different media, the
tissue was rinsed with Grace’s medium at least 3 times. Juvenile
hormone I (JH I; SciTech; e217 5 14,800 in methanol) was dissolved
n cyclohexane and topically applied to the dorsal abdomen of the
arva. The media containing JH I were sonicated and prepared 1 day
efore the culture; then they were thoroughly vortexed shortly
efore the culture (Hiruma et al., 1999).
RNA Extractions and Hybridizations
Total epidermal RNA was extracted by a modification of the
method of Chomczynski and Sacchi (1987) (Hiruma et al., 1997),
and the concentrations were determined spectrophotometrically
(Davis et al., 1986). Dot blot and Northern hybridizations of 5 mg
total RNA were performed after denaturation by formaldehyde on
Duralon–UV membranes (Stratagene; Hiruma and Riddiford, 1990).
Hybridizations were performed in 53 SSC (13 SSC is 0.15 M NaCl,
0.015 M sodium citrate), 53 Denhardt’s solution, 1% SDS, 50%
formamide, 50 mM sodium phosphate, and 200 mg/ml herring
perm DNA at 45°C for 20 to 24 h. The filters were washed at 55°C
n 23 SSC and 0.1% SDS twice followed by 0.23 SSC and 0.1%
DS once.
The cDNA probes of MHR4 and bFTZ-F1 used in this study were
as described in Weller et al. (2001) and were labeled by a random
prime-labeling method using [a-32P]dATP (3000 Ci/mmol, Amer-
ham; Feinberg and Vogelstein, 1984). The hybridized filters were
nalyzed by a molecular imaging system (BioRad Model GS-505).
ach blot contained standard RNA samples prepared from the
orsal abdominal epidermis of three to five animals at 6 and 19 h
fter HCS for normalization purposes. The relative abundances of
HR4 and bFTZ-F1 mRNAs were referred to their maximal levels
in the epidermis at 6 and 19 h after HCS, respectively, that were
arbitrarily set as 10.
RESULTS
Hormonal Regulation of MHR4 during the Last
Larval Molt
In Manduca larvae, after PTTH release at lights-off on
ay 2 of the fourth instar (Truman, 1972), the ecdysteroid
iter first rises slowly (Fig. 1; Langelan et al., 2000). Then
bout 8 h before HCS, the 20E level in the hemolymph
harply rises followed by a rapid decline by HCS, at which
ime 20,26E is the predominant ecdysteroid (Langelan et al.,
000). At this time the JH titer is declining (Fain and
iddiford, 1975), yet JH is critical at the time of HCS for the
ormal transparent cuticular pigmentation (Truman et al.,
973) and for the normal maximal levels of DDC mRNA in
he epidermis about 10 h before ecdysis (Hiruma and
iddiford, 1985, 1990). In the absence of JH at HCS, the
s of reproduction in any form reserved.
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26720E Regulation of MHR4 and bFTZ-F1amount of DDC produced is about double and the new
cuticle melanizes just before ecdysis. The level of MHR4
mRNA in the epidermis during this molt is low before and
at the peak of the 20E titer in the hemolymph (Fig. 1; see
also Weller et al., 2001). When the 20E titer declines to
about 0.8–1 mg/ml, MHR4 mRNA appears, accumulates to
a peak at 6 h after HCS, and then declines gradually with a
small, sharp peak at 5.5 h before ecdysis (Fig. 1). Removal of
the corpora allata that secretes JH had little effect on MHR4
mRNA pattern of accumulation (Fig. 1), indicating that
MHR4 likely does not play a special role in cuticular
pigmentation.
To determine whether MHR4 mRNA expression was
dependent on the ecdysteroids in the hemolymph, day 2
fourth epidermis (before the rise of the ecdysteroid titer for
the molt) was cultured in vitro with 2 mg/ml 20E. A small
eak of MHR4 mRNA appeared 2 h after the addition of 20E
Fig. 2A). The mRNA then declined to low levels by 6 h,
ollowed by a large increase between 12 and 24 h after the
nset of the culture. After peaking at 24 h, it declined
radually over the next 36 h (Fig. 2A). Northern hybridiza-
ion analysis of the epidermal RNA cultured for 24 h
howed that there was only one 7.5-kb MHR4 mRNA
resent (data not shown), as previously seen in the epider-
is 6 h after HCS in vivo (Weller et al., 2001). When 20E
as removed 21 h after the onset of the culture, the MHR4
RNA declined to its basal level within 3 to 4 h (Fig. 2A),
ndicating that the continuous presence of 20E is necessary
or the expression of MHR4 mRNA. When epidermis was
ultured for 24 h with various concentrations of 20E, MHR4
RNA was not induced at concentrations lower than 700
g/ml (Fig. 2B). At 1–2 mg/ml MHR4 mRNA accumulation
as maximal, with 5 mg/ml 20E being a less effective
FIG. 1. Developmental profile of the accumulation of the epider-
mal MHR4 transcript during the last larval molt in Manduca sexta
as determined by dot blot analysis using 5 mg total RNA at each
time point. The 20E titer is from Langelan et al. (2000). The relative
abundance of MHR4 mRNA was referred to the level of the mRNA
in the epidermis 6 h after head capsule slippage (HCS) as 10, which
is the highest amount in vivo during this period. F, Intact larvae; E,
2CA (allatectomized) larvae. Points are averages for N 5 6–16 6
SD.inducer (although whether MHR4 mRNA appeared earlier
Copyright © 2001 by Academic Press. All rightnd then declined by 24 h in this high concentration of 20E
as not determined). The EC50 for 20E was about 800 ng/ml
Fig. 2B).
These in vitro results appeared enigmatic since MHR4
RNA appears in vivo after the 20E peak when the 20E
iter has declined to about 500 ng/ml (Fig. 1). During this
eclining phase of 20E, the 20,26E titer increases (Langelan
t al., 2000). To determine whether 20,26E may induce
HR4 expression, we cultured the epidermis with 2 mg/ml
0,26E for 24 h. No MHR4 mRNA appeared under these
onditions (Fig. 2A).
To imitate the gradual decrease of 20E in vivo, day 2
ourth epidermis was cultured with 2 mg/ml 20E for 20 h to
nduce maximal MHR4 mRNA accumulation and then was
ransferred to various concentrations of 20E for 4 h. Figure
C shows that the reduction of MHR4 mRNA after transfer
o lower concentrations of 20E was concentration-
ependent. Concentrations higher than 500 ng/ml 20E
aintained the RNA level at or above the highest level seen
n vivo.
A Putative Negative Factor(s) Is Involved in MHR4
Expression
The above studies suggested that concentrations of 20E
above 800 ng/ml for 15–16 h were necessary to initiate and
maintain MHR4 mRNA expression. Yet Fig. 2A shows that
in response to 2 mg/ml 20E, there was a small transient peak
of expression at 2 h.
When CHX was injected into day 2 fourth instar larvae
before the ecdysteroid rise (Langelan et al., 2000), there was
little effect on MHR4 mRNA levels (Fig. 3A). In contrast,
when CHX was injected into larvae 6 h before HCS (high
20E titer and very low MHR4 mRNA; see Fig. 1), MHR4
mRNA appeared precociously so that its abundance at HCS
was similar to that in untreated animals at HCS 1 6 h.
Injection of CHX at the time of HCS (during the decline of
the 20E titer and very low MHR4 mRNA) caused increased
accumulation of MHR4 mRNA 6 h later at the normal time
of maximal levels seen in vivo (Fig. 3A). Injection of water
had no effect. These results suggest that a putative 20E-
inducible inhibitory protein(s) may be involved in regula-
tion of the expression of MHR4 mRNA.
To study the possible involvement of inhibitory proteins
on the regulation of MHR4 mRNA in vitro, we cultured
epidermis with or without AMC, another protein synthesis
inhibitor that prevents .99% protein synthesis under our
culture conditions (Hiruma et al., 1995). When day 2 fourth
epidermis was cultured in medium containing both 20E and
AMC in vitro for 6 h, MHR4 mRNA increased, whereas
neither AMC alone nor 20E itself caused its increase (Fig.
3B). Yet when the tissue was transferred to medium con-
taining only 20E after 6 h, the mRNA transiently declined
to very low levels by 12–18 h total culture time and then
increased to high levels by 24 h (Fig. 3B). Interestingly, the
timing of the increase was delayed about 6 h compared with
the control that was cultured with only 20E for the entire
s of reproduction in any form reserved.
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268 Hiruma and Riddifordperiod (Fig. 3B). This 6-h delay correlates with the initial
period of exposure to AMC. These results suggest that 20E
activates the MHR4 gene directly, but then induces, be-
tween 6 and 12 h, a protein(s) that suppresses the expression
of this gene. When the postulated inhibitory protein(s)
declines to below some threshold level, MHR4 mRNA
accumulates. Alternatively or in addition, another late-
appearing, activating factor in addition to 20E is necessary
for full expression of MHR4.
To study the direct action of 20E on the MHR4 gene in
more detail, day 2 fourth epidermis was precultured with
AMC for 1 h to ensure the cessation of protein synthesis
and then transferred to medium containing both 20E and
AMC for up to 6 h. MHR4 mRNA began increasing 1 to 2 h
after exposure to 20E and AMC and continued to increase
during the 6-h culture period (Fig. 3C). Continuous expo-
sure to AMC alone caused no induction (Fig. 3C). The
concentration response curve for 4-h exposure to 20E in the
FIG. 2. Induction of MHR4 mRNA by 20E. (A) Day 2 fourth epide
2 mg/ml 20,26E (n ) for varying hours and the relative amount of mR
8–18 except for NH, N 5 4; mean 6 SD). The inset shows an expan
2 mg/ml 20E for 21 h and then transferred to hormone-free medium
f MHR4 mRNA by 20E (N 5 4–8, mean 6 SD). Day 2 fourth epide
oncentration response for continuation of the expression of MHR
Day 2 fourth epidermis was cultured with 2 mg/ml 20E for 20 h and
abundance of mRNA was determined as in Fig. 1.presence of AMC (Fig. 3D) was less steep than that without t
Copyright © 2001 by Academic Press. All rightMC (Fig. 2B), with MHR4 mRNA accumulating in con-
entrations as low as 0.3 mg/ml 20E (Fig. 3D). Yet the
mount accumulated continued to increase up to 5 mg/ml
0E (Fig. 3D), a concentration slightly above the maximal
oncentration seen in vivo (Langelan et al., 2000; Fig. 1).
aximal MHR4 accumulation in these in vitro experi-
ents was higher than that seen in vivo, irrespective of the
presence or absence of AMC, but similar to that seen in the
cycloheximide-treated larvae.
Hormonal Regulation of bFTZ-F1 during the Last
Larval Molt
During the fourth to fifth larval molt, epidermal bFTZ-F1
RNA increases beginning about 6 h after HCS (Fig. 4)
hen the 20E titer has declined to 500 ng/ml (Langelan et
l., 2000). This mRNA accumulates to a maximum at 19 h
fter HCS and then declines to an undetectable level by the
was cultured with 2 mg/ml 20E (F) or no hormone (NH) (E) or with
was quantified by dot blot hybridization as described in Fig. 1 (N 5
scale for the first 6 h. , Day 2 fourth epidermis was cultured with
varying hours. (B) Concentration response curve for the induction
was cultured with various concentrations of 20E for 24 h. (C) The
NA by 20E after induction by 2 mg/ml 20E (N 5 4, mean 6 SD).
n transferred to varying concentrations of 20E for 4 h. The relativermis
NA
ded
for
rmis
4 mR
theime of ecdysis (Fig. 4) as previously found by Weller et al.
s of reproduction in any form reserved.
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26920E Regulation of MHR4 and bFTZ-F1(2001). As with MHR4, the loss of JH after allatectomy had
little effect on the pattern of expression of bFTZ-F1 (Fig. 4).
To study the hormonal regulation of bFTZ-F1 gene ex-
pression, initially we performed abdominal ligation experi-
ments to separate the abdomen from the major endocrine
organs such as prothoracic glands and corpora allata located
in the anterior portion. When the abdomens of day 0 and
day 1 fourth instar larvae [stages before the ecdysteroid titer
rises for the molt (Bollenbacher et al., 1981; Langelan et al.,
2000)] were ligated, no bFTZ-F1 mRNA was induced in the
abdominal epidermis up to 60 h after the ligation. When day
3 larvae are abdomen-ligated 10–15 h before HCS at the
time of the beginning of the rise of the 20E titer (Langelan
et al., 2000; see Fig. 4), the new cuticle melanizes (Truman
FIG. 3. The effect of protein synthesis inhibitors on the express
micrograms of cycloheximide (CHX) was injected into day 2 fourth
before head capsule slippage (HCS, 26 h) and at the time of HCS. S
for RNA extractions. In the case of the day 2 fourth larvae, the ab
microliters of water was injected as a control. N 5 5, mean 6 SD. (
AMC) and 2 mg/ml 20E for 6 h and then transferred to medium
pidermis was cultured with only 2 mg/ml 20E (E) or only 10 mg/m
n the presence of AMC. Day 2 fourth instar epidermis was precultu
both 2 mg/ml 20E and 10 mg/ml AMC for 6 h (F) (N 5 8, mean 6
oncentration response curve for the induction of MHR4 mRNA b
2 fourth epidermis was precultured with 10 mg/ml AMC for 1 h an
or 4 h. The relative abundance of mRNA was determined as in Fiet al., 1973). Under these conditions, bFTZ-F1 mRNA was
Copyright © 2001 by Academic Press. All righthigh 24 h after the ligation (Fig. 5A), a time when new
cuticle is being deposited. By 48 h after abdominal ligation,
however, little bFTZ-F1 mRNA was seen (Fig. 5A). These
findings suggest that the increase in 20E titer followed by
its decline is necessary for the expression of bFTZ-F1
RNA. The application of 0.1 mg JH I, an amount that
ompletely prevents cuticular melanization (Hiruma and
iddiford, 1985), at the time of ligation had little effect on
bFTZ-F1 mRNA accumulation (Fig. 5A).
When day 2 fourth epidermis was cultured in either the
continuous presence of 2 mg/ml 20E or the absence of
ormone, no bFTZ-F1 mRNA appeared (Fig. 5B). Yet when
the epidermis was cultured with 2 mg/ml 20E for 21 h to
imitate the increase of the 20E titer and then transferred to
f MHR4 mRNA in vivo (A) and in vitro (B, C, and D). (A) Fifty
ar larvae (before the ecdysteroid titer rise for the molt), larvae 6 h
urs after the injection of CHX, the dorsal epidermis was dissected
ens were isolated as described under Materials and Methods. Ten
y 2 fourth epidermis was cultured with both 10 mg/ml anisomycin
taining only 2 mg/ml 20E for varying times (F). As controls, the
C (n ). N 5 8, mean 6 SD. (C) Induction of MHR4 mRNA by 20E
ith 10 mg/ml AMC for 1 h and then cultured in medium containing
) or with 10 mg/ml AMC only (E) (N 5 4, mean 6 SD). (D) The
E in the presence of 10 mg/ml AMC (N 5 4–8, mean 6 SD). Day
n cultured with various concentrations of 20E and 10 mg/ml AMCion o
inst
ix ho
dom
B) Da
con
l AM
red w
SD
y 20
d thehormone-free medium to imitate the decline of 20E, the
s of reproduction in any form reserved.
TT
i
i
s
h
o
t
5
o
m
p
F
t
1
2
2
a
t
a
w
g
a
i
M
t
d
i
s
2
a
i
a
o
M
i
2
i
M
c
n
a
1
v
d
t
s
t
270 Hiruma and RiddifordmRNA began to appear 3 h after the removal of 20E, peaked
at 6–9 h, and disappeared by 30 h (Fig. 5B). The presence of
JH I (1 mg/ml) had no effect on this induction of the
bFTZ-F1 mRNA by 20E in vitro (data not shown, N 5 8).
here was only one .9.5-kb bFTZ-F1 mRNA detected in
the cultured epidermal RNA by Northern hybridization
(data not shown) just as found in vivo (Weller et al., 2001).
hese in vivo and the in vitro results indicate that the
ncrease of the 20E titer during the final larval molt is
mportant for programming of the bFTZ-F1 gene for later
expression, but that expression occurs only when the 20E
level declines. As in the case of MHR4, JH has no apparent
effect on the expression of bFTZ-F1.
To determine the concentration of 20E that is required for
programming of the induction of bFTZ-F1 mRNA, we
cultured day 2 fourth epidermis with varying concentra-
tions of 20E for 21 h followed by hormone-free medium for
9 h. Figure 5C shows that between 0.3 and 1 mg/ml 20E was
ufficient for the later appearance of bFTZ-F1 mRNA. We
ave shown that continued exposure to high concentrations
f 20E such as 2 mg/ml prevented the expression of bFTZ-F1
mRNA (Fig. 5B). To determine the minimal amount of 20E
necessary for this suppression, we incubated day 2 fourth
epidermis with 2 mg/ml 20E for 21 h and then transferred it
o varying concentrations of 20E for 9 h. As shown in Fig.
D, 0.03 mg/ml 20E was unable to prevent its normal level
f expression at this time. By contrast, 1 mg/ml 20E com-
pletely suppressed this expression. Intermediate levels of
bFTZ-F1 mRNA were found at 0.1 and 0.3 mg/ml 20E, the
20E concentrations seen in the hemolymph when bFTZ-F1
mRNA is expressed in vivo (Fig. 4).
When day 2 fourth epidermis was cultured with 2 mg/ml
20E for 21 h and then exposed to hormone-free conditions,
10 mg/ml AMC, or 2 mg/ml 20E with and without AMC for
6 h, the presence of AMC partially suppressed the inhibi-
FIG. 4. Developmental profile of the abundance of the epidermal
bFTZ-F1 transcript during the last larval molt in Manduca sexta as
etermined by dot blot analysis using 5 mg total RNA at each time
point (N 5 6–12, mean 6 SD). The 20E titer is from Langelan et al.
(2000). The relative abundance of bFTZ-F1 mRNA was referred to
he level of RNA in the epidermis of 19 h after head capsule
lippage (HCS) as 10, which is the highest amount in vivo during
his period. F, Intact larvae; E, 2CA (allatectomized) larvae.tory effect of 20E (Fig. 5E). Thus, the inhibition of bFTZ-F1 e
Copyright © 2001 by Academic Press. All rightRNA expression by 20E is at least partly dependent on
rotein synthesis presumably induced by the 20E.
DISCUSSION
The expression of many transcription factors in insects is
regulated by ecdysteroids (see reviews by Thummel, 1996;
Richards, 1997; Riddiford et al., 1999). Yet most of the
studies have concentrated on the up-regulation by 20E with
or without protein synthesis. The one exception is bFTZ-
1, which has been shown to appear only when the ecdys-
eroid titer declines (Lavorgna et al., 1993; Woodard et al.,
994; Sun et al., 1994; Yamada et al., 2000; Weller et al.,
001). Here we have studied in Manduca the regulation by
0E of the mRNAs for a new transcription factor, MHR4,
nd for bFTZ-F1 that appear sequentially as the ecdysteroid
titer declines during the molt (Weller et al., 2001; Figs. 1
and 4). MHR4 mRNA appears just after the peak of 20E as
the total ecdysteroid titer begins to decline, whereas
bFTZ-F1 mRNA appears later at the end of the molt.
Expression of both genes was found to require exposure to
high 20E, but MHR4 required prolonged and continued
exposure to 20E, whereas bFTZ-F1 required withdrawal of
he hormone. Neither gene was affected by the presence or
bsence of JH. Moreover, the control of MHR4 expression
as found to be unique among the early ecdysone-induced
enes in that its mRNA appeared as a direct response to 20E
nd then was apparently suppressed by a transient, 20E-
nduced inhibitory protein(s) such that the accumulation of
HR4 mRNA was delayed until later.
Regulation of MHR4 Expression
During the last larval molt in Manduca, MHR4 mRNA in
he epidermis appears just as the ecdysteroid titer begins to
ecline (Weller et al., 2001; Fig. 1) as does its homolog GRFs
n Bombyx (Charles et al., 1999) and Tenebrio (Mouillet et
al., 1999). Our in vivo and in vitro results with protein
ynthesis inhibitors (Fig. 3) as well as the initial action of
0E (Fig. 2A) show that this expression is due to a direct
ction of 20E, which is masked by a transient, putative
nhibitory protein(s) that is also induced by 20E. Presum-
bly the mRNA for this inhibitory protein(s) has a threshold
f response to the rising ecdysteroid titer lower than that of
HR4 mRNA and so appears first. In response to high 20E
n vitro, MHR4 mRNA was directly induced by 20E (Fig.
A), and then the inhibitory protein(s) apparently also
nduced by 20E appeared and caused the decline of the
HR4 mRNA. The reappearance of MHR4 mRNA oc-
urred presumably when this protein(s) disappeared. Alter-
atively and/or additionally another protein necessary for
ctivating MHR4 transcription may have appeared between
2 and 20 h of exposure to 20E.
Of interest is the finding that MHR4 mRNA appears in
ivo when the hemolymph 20E titer is declining (Langelan
t al., 2000; Fig. 1) and peaks when the 20E titer has
s of reproduction in any form reserved.
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27120E Regulation of MHR4 and bFTZ-F1declined to 500 ng/ml 6 h after HCS. This concentration is
too low for the induction of MHR4 mRNA in vitro (Fig. 2B),
FIG. 5. Induction of bFTZ-F1 mRNA in the epidermis. (A) Larvae
thorax, and the anterior portions discarded. The dorsal abdominal
ligation. The ligation was performed at 14:00 AZT for day 0 and day
At the time of ligation, 0.1 mg JH I was topically applied to some o
ean 6 SD. (B) Day 2 fourth epidermis was cultured with 2 mg/m
or left in the 20E medium () for varying times. Control epidermis
ean 6 SD. (C and D) Concentration response curves for the ind
nduction of bFTZ-F1 expression. Day 2 fourth epidermis was cultu
ormone-free medium for 9 h (N 5 8, mean 6 SD). (D) The inhibi
2 mg/ml 20E for 21 h and then transferred to varying concentratio
ultured with 2 mg/ml 20E for 21 h and transferred to no hormone, 1
for 6 h (N 5 4, mean 6 SD). The relative abundance of mRNA wut accumulation to the maximal level seen in vivo can
Copyright © 2001 by Academic Press. All rightoccur at 500 ng/ml 20E for 4 h after exposure to 2 mg/ml 20E
for 20 h (Fig. 2C). Likely the expression of MHR4 mRNA
ay 0, day 1, and day 3 fourth instar larvae were ligated behind the
ermis was removed for RNA extraction at various hours after the
nd at 05:00 AZT (10–15 h before HCS) for day 3 larvae (black bars).
dorsal abdomens that were ligated on day 3 (open bar). N 5 5–10,
for 21 h and then either transferred to hormone-free medium (F)
bated in hormone-free medium for the entire period (E). N 5 4–8,
n (C) and the inhibition (D) of bFTZ-F1 mRNA by 20E. (C) The
ith various concentrations of 20E for 21 h and then transferred to
of bFTZ-F1 expression. Day 2 fourth epidermis was cultured with
20E for 9 h (N 5 8, mean 6 SD). (E) Day 2 fourth epidermis was
/ml AMC, 10 mg/ml AMC 1 2 mg/ml 20E, or 2 mg/ml 20E medium
termined as in Fig. 4.of d
epid
1, a
f the
l 20E
incu
uctio
red w
tion
ns of
0 mgrequires “priming” by a higher level of 20E, but when this
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272 Hiruma and Riddifordhas occurred, a lower amount of 20E is sufficient for its
expression once the 20E-induced inhibitory protein(s) have
disappeared. Whether there is another factor important for
its activation at this later time is currently unknown.
Importantly, 20,26E that appears as the 20E titer declines
(Langelan et al., 2000) is not responsible for MHR4 expres-
ion at this time since it cannot prolong MHR4 mRNA
ccumulation in vitro in the absence of 20E (Fig. 2A). The
model proposed by Ashburner et al. (1974) postulates that
cdysone and the ecdysone receptor (now known as the
cR/Ultraspiracle) complex directly induce “early” genes
hose protein products activate “late” genes. Therefore,
he coordination of ecdysteroid action on its various target
enes depends on a cascade of molecular events. Based on
ur in vivo and in vitro studies showing its direct regulation
y 20E, MHR4 should be classified as an early gene in this
cheme, yet it clearly comes up much later in the cascade
ue to its inhibition by another 20E-induced protein and
ossibly activation by a factor induced later by the high
0E. Thus, the cascade can extend through both the rising
nd the falling phases of the ecdysteroid titer with such
omplex interactions among the 20E-induced factors and be
sed to coordinate the entire molting process.
Regulation of Manduca bFTZ-F1 by 20E
The expression of bFTZ-F1 mRNA in Manduca epider-
is is induced by exposure to .1 mg/ml 20E followed by
ransfer to ,300 ng/ml 20E (Fig. 5). The latter concentration
s very close to that in the hemolymph when bFTZ-F1
mRNA first appears 6 h after HCS (Langelan et al., 2000;
Fig. 1). bFTZ-F1 mRNA then peaks about 19 h after HCS
Fig. 4) when ecdysteroid levels are very low or 6–9 h after
ransfer to hormone-free medium (Fig. 5). This type of
egulation is also found for cuticle gene expression in both
anduca (Hiruma et al., 1991) and Drosophila (Apple and
ristrom, 1991; Yamada et al., 2000) and for dopa decarbox-
lase expression in both species (Hiruma and Riddiford,
985; Clark et al., 1986). In Manduca DDC mRNA appears
ater than that of bFTZ-F1, both in vivo and in vitro (12 h
after HCS and 24 h after the removal of 20E, respectively)
(Hiruma and Riddiford, 1990; Hiruma et al., 1995). In
addition, these studies showed that an ecdysteroid-induced
protein(s) binds to the promoter region of the DDC gene to
suppress its expression. Our experiments showing that
there was some accumulation of bFTZ-F1 mRNA in the
presence of 20E when AMC was present (Fig. 5E) suggests
that a 20E-induced inhibitory protein(s) is also involved in
the regulation of the timing of the appearance of bFTZ-F1
RNA, although the presence of activating protein(s) can-
ot be ruled out.
Possible Regulation of the Sequential Activation of
MHR4 and bFTZ-F1
In Manduca, MHR3, MHR4, and bFTZ-F1 mRNAs are
sequentially expressed as the ecdysteroid titer rises and
Copyright © 2001 by Academic Press. All rightdeclines (Fig. 6) due to their differential regulation by 20E
and its induced transcription factors. Both the MHR3
mRNA and the protein in the epidermis increase in re-
sponse to the rise of 20E and then decline parallel to the
decline of the total ecdysteroid titer so that little MHR3
protein can be seen in the general epidermis by 8 h after
HCS (Palli et al., 1992; Langelan et al., 2000). In vitro
culture experiments showed that the MHR3 mRNA and its
protein appear 1.5 and 3 h, respectively, after the addition of
20E; the mRNA peaks at 6–12 h followed by a decline to
low levels by 24 h (Palli et al., 1992; Hiruma et al., 1997;
Langelan et al., 2000). MHR4 mRNA appears both in vivo
and in vitro as the levels of MHR3 mRNA and its protein
are declining to low levels. Consequently, we hypothesize
that MHR3 may be one of the inhibitory transcription
factors induced by 20E that regulates the expression of
MHR4.
In Drosophila, DHR3 activates bFTZ-F1 mRNA expres-
ion (Kageyama et al., 1997; White et al., 1997; Lam et al.,
997) and represses ecdysteroid-induced early gene expres-
ion such as that of E74A, E75A, and BRC (Lam et al., 1997;
White et al., 1997). Yet in Manduca, relatively little MHR3
is present between 10 and 19 h after HCS (Langelan et al.,
2000) when bFTZ-F1 mRNA is increasing. Possibly MHR3
is initially activating the bFTZ-F1 gene, but the presence of
MHR4 suppresses this expression. Then when the 20E level
declines below the threshold for MHR4 expression,
bFTZ-F1 mRNA can appear. This scenario would be similar
to the complex control of MHR4 mRNA expression that we
have shown in this study.
The present study shows that the cascade of transcription
factors activated during the decline of the ecdysteroid titer
in the molt is a complex one requiring both 20E and other
transcription factors to control the timing of each one. In
the epidermis, MHR3, MHR4, bFTZ-F1, and probably oth-
ers serve to coordinate the cellular events necessary for a
successful molt: cuticle synthesis (Riddiford, 1985; Wolf-
FIG. 6. Hormone titers and MHR3, MHR4, and bFTZ-F1 mRNA
titers in Manduca dorsal abdominal epidermis during larval molt-
ng. MHR3 is from Palli et al. (1992); MHR4 and bFTZ-F1 are from
ig. 1 and Fig. 4. 20E and JH titers are from Langelan et al. (2000)
nd Fain and Riddiford (1975), respectively.gang and Riddiford, 1986; Langelan et al., 2000) and produc-
s of reproduction in any form reserved.
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27320E Regulation of MHR4 and bFTZ-F1tion of compounds necessary for sclerotization and tanning
after ecdysis (for which a key enzyme is DDC; Hiruma et
l., 1985; Hopkins and Kramer, 1992). Therefore, it is
ssential that their timing be precisely regulated.
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